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ABSTRACT 
Forensic analysis of DNA from sexual assault kits is a laborious process. These 
samples may be a mixture of sperm and male or female epithelial cells (E-cells). Generally, 
it is the sperm cells that are of greatest forensic value. Since its introduction in 1985 by 
Gill, Jefferys and Warrett, differential extraction has remained an essential pre-PCR 
extraction procedure adopted by most forensic laboratories for the preferential lysis of E-
cells and isolation of sperm cells/male fraction prior to DNA profiling.  
The differential extraction procedure operates based on the packaging of DNA in 
these two types of cells. The E cells are first lysed by sodium dodecyl sulfate (SDS) and 
Proteinase K which leaves the sperm cells intact. The mixture is centrifuged leaving E-cell 
DNA in the supernatant and sperm cells in the pellet. After several wash steps to remove 
residual E cell DNA, the sperm fraction is then subjected to lysis using SDS, proteinase K, 
and dithiothreitol (DTT).  DTT reduces the disulfide bonds present in the sperm nucleus, 
thereby releasing sperm cell DNA.  
The traditional Gill method of differential extraction, while proven to be highly 
effective in providing two separate fractions for a simplified interpretation of profiles, is a 
labor intensive and time-consuming process, requiring approximately six hours of an 
analyst’s concentration.  In a casework scenario where an evidence sample is of a higher E 
vi 
cell concentration compared to sperm cells, it is inevitable to obtain mixture profiles that 
becomes more difficult to interpret. To mitigate carryover from the female fraction, the 
sperm cell fraction is usually subjected to multiple wash steps. Furthermore, the resulting 
fractions must be subjected to additional pre-PCR DNA purification procedures to remove 
PCR inhibitors such as SDS and Proteinase K which result in varying degrees on DNA 
loss.  
Progress has been made over the years to introduce methods that allow for PCR-
ready lysates without additional purification steps, often referred to as direct lysis methods. 
However, none have been proven to be viable options for use in sexual assault samples. 
Our laboratory has developed a novel differential extraction procedure that is not only time-
efficient and less laborious but also utilizes a direct-lysis procedure requiring no further 
pre-PCR purification for most samples. The novel procedure uses ZyGEM, which contains 
the thermophilic EA1 protease proven to effectively digest biological samples and produce 
PCR-ready lysates suitable for downstream nucleic acid amplification, thereby minimizing 
DNA loss. The procedure uses a multi-enzymatic approach and utilizes the different 
optimal activity temperatures of the enzymes to perform most of the process in a DNA 
extraction lab thermocycler, requiring only a single centrifugation for the usual separation 
of the E-cell fraction and no subsequent washing steps for the sperm cell fraction. 
It has the potential to be a rapid, robust procedure that can be easily implemented in any 
forensic laboratory. This thesis will describe the procedure and report progress in the 
procedure optimization. 
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1. INTRODUCTION 
1.1 Forensic DNA Profiling 
The emergence of forensic deoxyribonucleic acid (DNA) profiling as a powerful 
tool in criminal investigations has profoundly evolved the criminal justice system.  
Forensic DNA profiling has evidently piloted the exoneration of the wrongly convicted [1], 
identification of potential suspects for most crimes [2] as well as the identification of 
perpetrators from DNA databases for cold cases [2].  It has rightfully earned itself an 
indelible status as the “gold standard” [3] for identification and proof of guilt.  It is, hence, 
no wonder that the remarkable discriminatory power of DNA evidence to both identify 
suspects and prove their guilt has triggered a rapid expansion of and investments in DNA 
extraction, purification and analysis methods. 
 
1.1.1 Forensic Analysis of Biological Fluids 
The standard practice during a crime scene investigation is for officers to locate and 
conduct quick, presumptive tests on visible and latent stains.  Latent stains that are difficult 
to visualize are usually located using through alternate light source (ALS) or other 
techniques to map possible locations of stains, from which representative swabs or cuttings 
are collected for further testing in laboratories.  Forensic laboratories then conduct 
confirmatory tests to verify the presence and type of biological fluid prior to downstream 
DNA extraction and profiling methods.  The aim of DNA profiling is to produce an 
autosomal DNA profile that is in a suitable format for comparison against reference, or 
known, profiles that are obtained from potential suspects or from the databases.  The 
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current steps towards obtaining a DNA profile are as follows: The cells are first lysed to 
release the DNA [4]; the quantity and quality of DNA is assessed using real-time PCR; 
DNA is then amplified through a multiplex PCR process that targets short tandem repeats 
(STR) regions within DNA [5]; these amplified fragments are separated using capillary 
electrophoresis (CE) and the data is finally analysed using commercially available 
software[6].  
 
1.2 DNA 
 DNA is essentially a large, highly negatively charged and compact double-stranded 
molecule found in most cells in the body [7].  It is the hereditary material that stores the 
unique genetic information of an individual.  Most DNA is packaged in the nucleus of the 
cell and is therefore called nuclear DNA.  A small amount of DNA can also be found in 
the mitochondria, where it is called mitochondrial DNA.  The information in DNA is stored 
as a code made up of four chemical bases: adenine, guanine, cytosine and thymine [7].  The 
sequence of these bases, together with numerous other modifications such as DNA 
methylation, adjustments in the DNA structure and the availability of DNA for 
transcription or repair determine the information available for building and maintaining an 
organism.  There are 6.4 billion bases that make up nuclear DNA in humans.  This DNA 
is packaged into a tight complex structure called chromosomes by coiling around positively 
charged proteins, known as histones. The primary packaging of DNA in the chromosomes 
is in the form of nucleosomes.  Each nucleosome is essentially composed of 145-147 bp of 
DNA wrapped around a pair of four core histones- H2A, H2B, H3 and H4 [8].  The 
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approximate 57bp length linker DNA present between nucleosomes is bound to a single 
molecule of histone H1.  It is at the histones where modifications such as methylation, 
acetylation, phosphorylation, addition of ubiquitin and other forms of modifications are 
prevalent [8]. An individual has 23 pairs of chromosomes.  As such, an individual inherits 
one chromosome from the father and the other from the mother.    
 
1.3 DNA Extraction Methods 
DNA extractions are a vital component of forensic DNA analysis.  The ability to 
lyse cells to release DNA molecules, separate the DNA from other cellular material and 
purify DNA is often the key starting point for a variety of downstream experimental 
procedures, including the polymerase chain reaction (PCR).  There are several primary 
DNA extraction techniques common in a forensic DNA laboratory, namely, organic 
phenol-chloroform extraction [9], Chelex extraction [10,11] and silica-based extraction 
[12,13].  The exact extraction or DNA isolation procedure adopted varies depending on the 
type of biological evidence being examined.  More noticeably, there are extensive 
differences across forensic laboratories for the DNA extraction techniques used.  However, 
most of these procedures, as well as other commercially available and published extraction 
procedures, have common elements.  This is in greater part due to the extensive research 
and established knowledge of the characteristic packaging and coiling of DNA [8] and the 
commercial availability of proteases [4].  Briefly, in a typical DNA extraction procedure, 
the cell membrane is disrupted by any of the following common methods: using heat to 
increase fluidity, dithiothreitol (DTT) to reduce disulfide bonds, or detergents, such as 
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sodium dodecyl sulfate (SDS) to disrupt the membrane.  Proteins, including nucleases, are 
then inactivated by heat denaturation or digested by digestive enzymes, including 
Proteinase K.  The extracted DNA may also be immobilized on a solid phase and the 
eventually eluted by buffer [13].  In some cases, if the extracted DNA remains in the 
aqueous phase, it is separated from other cellular materials as a pellet using ethanol 
precipitation followed by centrifugation or partitioned in organic solvents [9]. 
Usually, the end step of most extraction methods also includes an additional 
purification step to isolate DNA that is compatible for downstream PCR reactions.  The 
introduction of an additional pre-PCR purification step is made necessary to rid extracted 
DNA samples of intrinsic and extrinsic PCR inhibitors [13].  Examples of extrinsic 
inhibitors include proteinase K and SDS which are often introduced to the sample by the 
analyst as a component of the extraction procedure.  
 
1.3.1 Organic Extraction: Phenol-Chloroform Treatment 
Organic phenol-chloroform extraction [9] is a multistep liquid chemical process 
that produces high yields of purified double-stranded DNA.  The process is laborious and 
works based on the property of DNA being more soluble in an aqueous state than organic 
state.  Briefly, the cells are lysed using heat to disrupt the membranes with the assistance 
of SDS or SDS and DTT. Proteinase K is then added to digest the proteins.  The DNA is 
then separated from the cellular debris using the phenol-chloroform-isoamyl (PCIA) 
reagent.  The addition of this reagent and subsequent centrifugation results in two phases: 
the organic (bottom) and the aqueous (DNA-containing) phase (top).  The aqueous portion 
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is carefully removed by pipetting.  Lastly, the DNA is purified and concentrated using 
commercially available kits in which the DNA is captured on a membrane filter while all 
other aqueous components including residual organics, and potential PCR inhibitors are 
allowed to pass through the membrane.  While this method often results in a high yield of 
double-stranded DNA, it is highly labor intensive and requires multiple tube changes which 
may increase the possibility of contamination error.  
 
1.3.2 Inorganic Extraction: Chelex®  
The basic Chelex® procedure [10,11] was introduced as a single-tube reaction 
eliminate the potential for contamination.  Cells are usually incubated with 5% Chelex® 
solution which is essentially a solution consisting of styrene divinylbenzene copolymers 
containing paired iminodiacetate ions.  These copolymers have a high affinity for 
polyvalent metal ions such as magnesium.  Proteinase K is also added to the solution to 
digest the nucleases and other proteins.  The sample is then boiled in the 5% Chelex® 
solution to disrupt remaining membranes, denature proteins and denature DNA in the cells.  
This results in a denatured sample of single-stranded DNA that remains in the supernatant 
after centrifugation.  The single-stranded DNA is then ready for quantification and 
amplification.  However, the presence of contaminating Chelex® beads in the solution may 
result in inhibition of PCR-based diagnostic methods.  In some laboratories, the single-
stranded DNA is further purified using silica and glass beads [14]. 
 
 
6 
 
1.3.3 Organic Extraction: Silica Based 
Silica-based extraction has successfully been adopted in many commercially 
available kits as a method to extract and purify DNA [12,13].  The silica beads bind DNA 
under high concentration chaotropic salt conditions.  In most of these procedures, a spin 
column is used. Cells are first lysed using Proteinase K, SDS and other proprietary lysis 
buffer compositions.  The cell lysate is combined with alcohol and placed into a spin 
column where proteins and divalent cations, including magnesium, are removed using 
multiples buffer washes and centrifugation steps.  Pure DNA is finally eluted from the 
silica membrane using the desired quantity of deionized water or Tris-EDTA buffer.   
While, the procedure is highly efficient in releasing and purifying double-stranded DNA, 
the need for multiple tubes and wash steps increase the possibility of mis-pipetting and 
DNA loss.  
 
1.4 Forensic Examination of Biological Fluids from Sexual Assault 
Sexual assault cases are a serious criminal concern, where the resolution of 
evidentiary samples recovered from victims and suspects poses a challenge to forensic 
laboratories.  The current extraction procedures are laborious and time-consuming and 
have resulted in a bottleneck of DNA evidence processing in sexual assault casework [15]. 
In US, untested sexual assault kits are discovered in tens of thousands across states every 
year [15].  The failure to test and analyse evidence connected to sexual assault in a timely 
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manner constitutes a growing problem for victims, public safety, and the criminal justice 
system. 
When analysing samples from sexual-assault cases, forensic laboratories aim to 
establish the autosomal DNA profile of the male contributor.   The success of these analyses 
depends upon several factors such as the circumstances of the case, the aggressor’s semen 
characteristics, time elapsed since the incident, the collection of evidence and the sampling 
and storage conditions [16].  Often, these samples contain a mixture of both female and 
male cellular material and this poses an additional challenge to attain a single-source 
autosomal DNA profile from the male contributor. Indeed, experimental studies have 
shown that protocol variation can influence the success of DNA analysis [17-19]. 
 
1.4.1 Components of Seminal Fluid- PSA and Semenogelins 
  Semen is a crucial and powerful piece of evidence in crime investigation, 
particularly sexual assault crimes, where the detection of semen can link the accused to the 
victim.  Protein components of semen are often used in screening of evidence to indicate 
that seminal fluid is present [20,21].  Prostate Specific Antigen (PSA) and semenogelins I 
(SgI) and II (SgII) have been a focal point of several clinical fertility and diagnostics 
research programs [22-24] to address questions on prostate cancer and male infertility.  SgI 
and SgII along with fibronectin are secreted by the seminal vesicles and are essential 
protein components that result in the gelatinous-like fluid appearance of semen upon 
ejaculation.  PSA, a 237 amino-acid glycoprotein and a serine protease, is secreted by in 
the epithelial cells( E-cell) of prostate and is found in a higher concentration in seminal 
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fluids compared to blood [25].  An increased level of PSA in blood is clinically studied as 
an indicative marker for prostate cancer [23].  In a parallel setting, these proteins have been 
well-characterized through clinical studies and have been generally accepted as a strong 
indicator of the presence of semen in forensic evidence samples [20,21].  Following 
positive preliminary screening results, the subsequent confirmatory microscopic detection 
of spermatozoa can justify downstream forensic testing, via DNA extraction from 
spermatozoa, to obtain an autosomal male DNA profile. 
 
1.4.2 Components of Seminal Fluid- Spermatozoa 
Under a light microscope, a normal healthy human spermatozoon is observed to 
have three morphologically distinct structures: the head which contains a nucleus with 
densely packed chromosomes, the middle piece which contains mitochondria and the 
flagellum which is responsible for spermatozoon motility [26].  This specialized 
architecture allows it to traverse the potentially hostile environment of the female 
reproductive tract.   In evidence samples obtained from sexual assault victims, extraction 
of high-quality DNA from within the sperm nucleus is of utmost interest to an analyst.  
At the beginning of spermiogenesis and post meiosis, the spermatid has a round 
nucleus, the DNA is packaged into nucleosomes and transcription is occurring.  Packaging 
of the DNA in spermatocyte nuclei begins to change following meiosis.  As spermiogenesis 
proceeds, major changes take place in the cell architecture.  The acrosome and tail are 
formed, and the DNA is gradually repackaged into a highly compacted structure, within 
the sperm nucleus, consisting of DNA complexed with protamines instead of histones  [27].  
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Unlike histones, the protamines are not highly evolutionarily conserved and the number of 
protamine types and their sequences vary between organisms.  Humans have two 
protamines (P1 and P2) in the ratio of approximately 1:1 and P2 exists in two forms 
designated P2a and P2b [28].  Spermatogenesis results in about 85% of DNA in sperm 
being bound to protamines [29].  The histone to protamine transition and the compact 
packaging of DNA during spermatogenesis result in a reduction in the volume of the sperm 
nucleus.  The final volume of a sperm nucleus is noted to be approximately 1/20th that of 
the nucleus of a somatic cell  [28].  In forensic DNA analysis, this tightly bound protamine-
DNA complex must be disrupted to obtain DNA from any DNA extraction procedure. 
Human P1 is 50 amino acids [30] in length and P2a and P2b are 54 and 57 amino acids in 
length respectively [31].  P2b differs from P2a with the loss of three amino acids from the 
amino terminus.  Most importantly, both protamines have a high content of positively 
charged arginine and either 5 or 6 cysteines capable of forming disulfide bonds.  To date, 
there are different proposed models for the protamine-DNA complex particularly on rhe 
presence of inter- or intra-disulfide bonds  [32-34].  
 
1.5 Differential Extraction 
Samples from sexual assault cases are often characterized by imbalanced mixtures 
of E-cells and sperm, with an excess of the victim’s material, resulting in an unfavorable 
ratio of male to female DNA.  According to several studies, it is generally accepted that a 
direct amplification of this mixtures results in mixture profiles that are not interpretable 
beyond a ratio of 1:10 to 1:20 [35,36].  This is essentially due to primer competition during 
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PCR amplification which results in the preferential amplification of the major component 
of the mixture.  Therefore, male autosomal DNA profiles from unbalanced mixture samples 
may not be detected without cell separation.  
Fortunately, the complexity of the sperm DNA packaging provides analysts with a 
slight advantage in overcoming the challenge of producing an autosomal male DNA profile 
from such mixtures.  It is evident that the extraction of DNA from sperm requires more 
aggressive chemical agents and the reduction of disulfide bonds. According to the ExPASy 
Peptide Cutter (Figure 1), proteinase K has limited cleavage sites on both P1 and P2.  This 
allows for the E-cells to be lysed while keeping the sperm cells intact.  Differential 
extraction [1] was first described by Peter Gill, Alex Jeffreys and David Werrett in 1985 
as a method that relies on the differential resistance of E-cells and sperm cells to chemical 
agents.  The complex nuclear compaction within the sperm nucleus, through the formation 
of toroidal chromatin structures, as well as the presence of disulfide bonds between, and 
possibly within, protamines render the sperm nucleus resistant to damage from mild cell 
lysis agents such as proteinase K and SDS.  As such, high quality nucleic acids cannot be 
extracted using traditional somatic cell extraction techniques.  In practice, the conventional 
differential extraction procedure introduced by Gill et.al, includes a mild cell lysis step 
using the usual proteinase K and SDS followed by a stronger cell lysis step with the 
introduction of DTT.   The mild cell lysis step allows for the recovery of an epithelial cell 
fraction that is enriched with DNA from the female or male E-cells and leukocytes.  The 
sperm cells are kept intact and usually centrifuged at the bottom of the tube as a pellet.  The 
supplementation of DTT, together with proteinase K and SDS, then assists in breaking up 
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the spermatozoa membrane and releases the DNA in the sperm fraction.  Ideally, the sperm 
fraction would yield a perpetrator-only profile.  The conventional differential extraction 
procedure, as summarized in Figure 2, has been the standard procedure for most forensic 
laboratories since 1985.  
  
Figure 1. PK cleavage sites to P1 (top) and P2 (bottom) as determined by ExPASy peptide cutter 
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Figure 2. Diagram illustrating the steps of the Gill et al. differential extraction procedure 
 
While the design of differential extraction is novel and effective for extracting DNA 
from sexual assault samples, the conventional differential extraction method is a lengthy 
process (between 6h-24h) [16], and it requires repeated pipetting, centrifugation and wash 
steps.   The end step of the procedure also includes an additional purification step to isolate 
DNA that is compatible for downstream PCR reactions.  The inclusion of additional pre-
PCR purification steps is necessary to rid extracted DNA samples of possible intrinsic and 
extrinsic PCR inhibitors [13].  Moreover, other factors, such as training and experience, 
may result in additional variation in the quality and consistency of the separation of 
fractions.   
Unfortunately, sexual assault backlogs have become commonplace over the years 
because of the labor cost of preparing these samples [15]. 
More worrying, evidence samples are subjected to varying degrees of DNA loss 
during the multiple wash steps and pre-PCR purification steps.  A recent collaborative 
study has discovered that a generally significant amount, 50%-64% of female DNA and 
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94%-98% of male DNA initially present in simulated sexual assault samples are typically 
lost post differential extraction [16].  This is extremely concerning particularly for the 
analysis of samples where few sperms were initially present; such as gynecological 
samples that are collected several hours or days after an incident.  
 
1.5.1 Alternative Differential Extraction Procedures 
In order  to reduce these backlogs, increase DNA recovery and simplify an analyst’s 
workflow, effort has been made by a number of groups to develop new DNA extraction 
strategies.  Commercial companies have introduced automation to reduce an analyst’s wet 
bench time and, as a result, have been cited to correct the marked variation in the success 
of analysis between forensic laboratories.  However, while the automation minimizes 
manual labor, they are not developed to increase the separation yield for sperm.  
Several other alternative methods of separation techniques have been developed 
over the years to increase sperm capture efficiency in a bid to increase the yield of male 
DNA.  These are summarized in the section below. 
 
1.5.1.1 Laser Capture Microdissection 
Laser capture microdissection was introduced to increase the yield of sperm from 
low copy number mixture samples.  It involves the use of a laser beam to remove selected 
sperm cells from microscope glass slides.  The analyst first inspects and examines the slide 
for the presence of sperm.  Spermatozoa meeting a selection criteria can be then removed 
using a laser-activated capture film pre-programmed with varied target beam intensity and 
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pulse repeat frequency [37].  It is essential to note that this technique requires expensive 
equipment and the entire process is too complex, requiring additional skill trainings for 
analysts.  As such, it may not be a feasible technique to adopt to clear sexual assault 
backlogs. 
 
1.5.1.2 Antibody-based Capture 
 Immunomagnetic beads (IMBs) have been used extensively in the clinical 
investigations for the detection of various tumor cells [38,39].  The IMB technology has 
been found to a reliable alternative for the isolation of sperm using antibodies against 
sperm-specific proteins.  Briefly, IMBs are added to a cell mixture and incubated at room 
temperature for about 90 minutes with slight tilting and rotation.  Following incubation, 
the bound IMB-sperm complex is transferred to a magnet for bio-magnetic separation [40].  
Several antibodies have been introduced for this antibody-based capture of sperm cells: 
antibodies against the testicular angiotensin-converting enzyme (tACE) [40], motile sperm 
domain-containing protein 3 (MOSPD3) [41], sperm protein-10 (SP-10) [42], a disintergrin 
and metalloprotease 2 (ADAM2) [43], JNK-associated leucine zipper protein (JLP) [44] 
and PH-20 (also known as sperm adhesion molecule 1 (SPAM1) [45].  The anti-PH-20 
IMB method has displayed more promise as an alternative method for differential 
extraction.  Results have shown increased specificity for sperm head and increased 
sensitivity for sperm isolation from cell mixtures at a sperm/epithelial cell ratio of 103:105.   
However, single-sourced STR profiles of the male donor is only possible with the 
introduction on an additional DNase I incubation step to remove residual free epithelial 
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cell DNA [45].  While, there have been promising results with the use of antibody-based 
capture, the antibody-based extraction methods have been observed to have difficulties 
working with degraded and aged samples.  The antigen specificity of sperm changes over 
time and as such the affinity to capture sperm decreases to approximately 17% after 10 
days [46].  This limits its applicability for forensic samples where often samples are 
collected and processed days after the incident. 
 
 
1.5.1.3 Acoustic Trapping 
Acoustic trapping is a manipulation technique that relies on the forces acting on a 
cell entering an acoustic standing wave.  Depending on the material parameters of the 
object and the surrounding fluid, the cell can be steered either to a pressure node or a 
pressure antinode.  Acoustic trapping was first introduced to differential extraction as a 
separation technique that exploits the size difference between sperm cells and free DNA.  
The design creates a force strong enough to trap sperm cells while allowing free epithelial 
cell lysate to pass through the acoustic field unaffected [49].  The developed microfluidic 
device was able to produce highly purified male and female fractions from mock sexual 
assault samples in 14 minutes.  Upon separation, the sperm cells can be lysed and extracted 
through traditional means [49].  While acoustic trapping is a revolutionary method of 
separating free epithelial cell lysates from sperm cells for forensic purposes, the method 
still heavily relies on using Proteinase K, SDS and DTT to lyse E-cells and sperm cells 
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respectively.  This results in the need for additional pre-PCR purification to remove these 
inhibitors prior to downstream analysis procedures. 
 
1.5.1.4 Nuclease-based Approach 
To date, most forensic laboratories rely on physically separating residual victim’s 
DNA from the sperm pellet.  Most of these methods result in loss of valuable sperm cells 
which is concerning especially in cases where there were few sperm cells initially present.  
An alternative approach is to digest unwanted residual victim’s DNA through selective 
degradation.  DNase I has been introduced as a highly selective degradation agent to 
remove residual epithelial cell DNA while keeping the sperm cells intact. It has been 
demonstrated that a modified detergent/PK buffer is required to activate DNase I.   A 
soluble male fraction can be then obtained by inactivating the nuclease with EDTA while 
simultaneously lysing the sperm with DTT [48].  Through the introduction of a selective 
degradation, the entire process can be completed with the elimination of centrifugation and 
multiple wash steps, thereby, mitigating possible male DNA loss.  
 
1.6 Novel Direct-Lysis Differential Extraction Procedure 
The Cotton lab has developed a novel differential extraction procedure that is not only 
time-efficient and less laborious but uses a direct-lysis procedure that requires no additional 
wash steps or further pre-PCR purification for most samples [49].  The novel procedure 
uses a multi-enzymatic approach and utilizes different optimal activity temperatures of 
three enzymes (EA1 protease, Benzonase® Nuclease and AcroSolv) to effectively digest 
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biological samples and produce PCR-ready lysates suitable for downstream amplification 
procedures.  The process requires only a single centrifugation step for the usual separation 
of fractions and no subsequent washes for the sperm.  Most of the procedure can be 
performed in a DNA extraction lab thermal cycler.  This document highlights the procedure 
and reports progress on the optimization and validation of the procedure. 
Figure 3. Diagram illustrating the steps of the novel direct-lysis differential extraction procedure 
 
1.6.1 Erebus Antarctica 1 
Erebus Antarctica 1 (EA1) proteinase, a neutral metalloproteinase secreted by 
Bacillus sp. strain EA1, was discovered in a volcanic vent near the summit of Mt. Erebus, 
Antartica.  It has been cited to be the most thermostable member of the thermolysin family 
of proteases.  Enzymes from extreme thermophiles that grow above 70 °C are often highly 
resistant to denaturing conditions and are stable at elevated temperatures and over a range 
of pH values. At temperatures above 65-70 °C, however, the substrates of these 
thermophilic enzymes denature and therefore are more amenable to hydrolysis [50].   
Thermolysin proteases cleave peptides on the N-terminal side of leucine, valine, isoleucine 
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and phenylalanine [51].  Additionally, beyond this temperature range, endogenous and 
exogenous nucleases are known to be inactive, thereby allowing for the simultaneous 
release of DNA and selective degradation of nucleases.  Furthermore, thermophilic 
enzymes have a marked increase in specific activity at high temperatures.  There is little 
published work describing the unique characteristics of EA1.  Saul et. al has, however, 
provided evidence that the EA1 proteases shares many characteristics with thermolysin EC 
group 3.4.24.27. [52]. 
A recombinant version of this EA1 protease is marketed by ZyGEM New Zealand 
Ltd. (Hamilton, New Zealand) under the name forensicGEM™.  ForensicGEM™ fits all 
the criteria desirable for nucleic acid extraction.  It is optimally active at high temperatures, 
specifically 75 °C but can be irreversibly denatured at 95 °C, an important requirement for 
downstream applications [52].  Furthermore, the enzyme is aggressively hydrolytic without 
the addition of detergents and does not require complex buffer compositions. The 
manufactured enzyme has a high specific activity and hence can be used at 50-fold lower 
concentrations than Proteinase K, making it highly cost-efficient.  ZyGEM has 
manufactured a variety of kits that utilize this protease to digest samples and produce PCR-
ready lysates.  
However, despite its aggressively hydrolytic nature, the transition to using EA1 in 
differential extraction procedures has been hindered by the limiting EA1 activity on 
spermatozoa in reactions where the epithelial cell concentrations are extremely high.  It is 
unfeasible to optimize an EA1 volume and concentration given the breadth of variability 
in the unbalanced ratios observed from sexual assault samples.  As such, in a case where 
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the epithelial cell concentration is too high, ZyGEM extractions may fail to completely 
lyse cells [53].  The resulting  profile in the sperm fraction may still contain a mixture from 
both sperms and E-cells.  Additionally, the minimal substrate affinity to P1 and P2 limits 
the dissociation of the protamine-bound complex and subsequent release of sperm DNA, 
even with the addition of DTT (Figure 4).  This means that sperm cells must be lysed using 
other extraction techniques, post-separation from epithelial cell lysates. 
 
Figure 4. Thermolysin (EA1) cleavage sites on sperm protamines P1 and P2 as determined by ExPasy     
                 Peptide Cutter  
 
1.6.2 AcroSolv  
To mitigate the need for using traditional sperm lysis methods that require 
additional subsequent purification steps, ZyGEM has marketed forensicGEM™ Sex 
Crime, a direct-lysis kit for the release of sperm DNA.  The kit uses a proprietary 
mesophilic cocktail of proteases that is optimally active at 52 °C and lyses sperm cells 
effectively in a time-efficient manner.  The kit is supplemented with forensicGEM™ EA1 
protease to essentially digest  and degrade this protease mixture post sperm cell lysis.  The 
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entire procedure can be completed, including the final heat denaturation, in less than 15 
minutes.  No additional purification is required.  
The different optimal activity temperatures of forensicGEM™ EA1 protease and 
AcroSolv as well as the ability of forensicGEM™ EA1 protease to effectively digest 
AcroSolv, make both these enzymes suitable candidates for the implementation of a novel 
direct-lysis differential extraction procedure that can preferentially lyse E-cells and sperm 
cells using a multi-enzymatic approach.  As there are no wash steps or purification 
required, in theory, the amount of DNA recovered should be mostly equivalent to the initial 
amount of DNA in the mixture. 
 
1.6.3 Benzonase® Nuclease 
While the use of a multi-enzymatic approach for differential extraction procedure 
is promising, the preferential lysis of E-cells mean that the sperm cells must be separated 
prior to sperm lysis to increase the probability of obtaining a single-source male profile.  
Benzonase® nuclease is an endonuclease from the gram-negative bacteria Serratia 
marsecens.  The enzyme is active between 0 °C to 40 °C with an optimal active temperature 
at 37 oC and degrades all forms of DNA and ribonucleic acids (RNA), with no apparent 
partiality [54].  Interestingly, EA1, as member of the family of thermolysin proteases, has 
approximately 81 cut sites on Benzonase®, demonstrating the ability to digest the nuclease 
completely (Figure 5).  As previously mentioned, the EA1 protease lacks the ability to 
degrade sperm DNA due to the presence of fewer cut sites to either protamine, ensuring 
that the sperm cells would not be damaged during the digest.  Therefore, the presence of 
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the EA1 protease at all times, in the solution, allows for the immediate digestion of the 
nuclease following degradation, by incubating the sample at 75 °C.  Compared to other 
selective degradation methods, this allows for a complete digestion of the nuclease instead 
of leaving it intact and inhibited by other chelating nuclease cofactors with EDTA.  The 
ability of Benzonase® to be digested by EA1 and its promiscuous nature makes it a suitable 
candidate for selective degradation compared to other nucleases such as DNase I. 
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Figure 5. Thermolysin (EA1) cleavage sites on Benzonase® nuclease  as determined by ExPasy Peptide 
Cutter.  
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1.7 Aim and Hypothesis 
The novel direct-lysis differential extraction procedure is suitable alternative to 
traditional procedures.  In theory, this process could be time efficient and result in high 
yields of extracted DNA which could proceed directly to amplification.  The selective 
degradation of residual epithelial cell DNA using Benzonase® would result in single 
source male DNA profiles in the sperm fraction. 
 
2. Materials and Methods 
Benzonase® Nuclease (Sigma-Aldrich, St. Louis, MO) dilutions were prepared 
using a 2X reaction buffer (40 mM Tris HCl, 4 mM MgCl2, 40 mM NaCl, pH 8.0) and the 
volume added was equivalent to sample volumes to achieve a 1X working solution. 
Quantitations were performed using Quanitfiler Duo Kits (Applied Biosystems, 
Foster City, CA) in a 7500 Real-Time PCR instrument (Applied Biosystems, Foster City, 
CA) according to manufacturer’s specifications.  DNA concentrations were then 
determined using a previously calibrated standard curve [55]. 
Amplifications were conducted using AmplSTR® Identifiler® Plus Kit (Applied 
Biosystems, Foster City, CA) in a GeneAmp® PCR System 9700 thermal cycler (Applied 
Biosystems, Foster City, CA) according to manufacturer’s specifications and fragment 
separation was carried out with 0.75 ng of amplified DNA, unless otherwise stated, using 
an ABI 3130 Genetic Analyzer CE instrument (Applied Biosystems, Foster City, CA).  
Electropherograms (EPGs) were generated and analyzed using GeneMapper® ID-X version 
1.4 (Applied Biosystems, Foster City, CA). 
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2.1 Sample Preparation 
Epithelial cell samples used for all experiments were prepared using fresh saliva 
samples obtained from anonymous donors.  The saliva samples were washed 2-3 times 
using 1X phosphate-buffered saline (PBS: Thermofisher, Waltham, MA) by centrifuging 
the cells at 800 x g and removing the supernatant.  Post-wash, the cells were resuspended 
in 200 µl of laboratory-prepared TE buffer (composition) to be used for experiments. 
Semen samples were purchased from BioreclamationIVT (Baltimore, MD) and were stored 
at -20 °C upon receipt and each aliquot underwent only one freeze-thaw cycle.  All dilutions 
were made using TE buffer. 
Simulated sexual assault samples were prepared according to a range of mixture 
ratios (Epithelial Cell DNA: Sperm DNA).  Freshly prepared E-cells and sperm were each 
separately diluted to 1:100 and then extracted using forensicGEM™ (EA1) and AcroSolv 
respectively, according to manufacturer’s protocol.  The extracted cells were then 
quantified, and the respective DNA concentrations were calculated.  Samples comprising 
of a range of mixture ratios were prepared using the pre-determined DNA concentrations 
of freshly prepared E-cells and sperm. 
 
2.2 Benzonase® Optimization Experiments 
2.2.1 Benzonase® Concentration Optimization using Sperm Only Samples 
To ensure that the Benzonase® nuclease would be timely digested and removed 
prior to the release of sperm DNA, a range of Benzonase® concentrations: 12.5 U, 25 U, 
50 U and 100 U, were tested against range of sperm DNA amounts: 5 ng, 15 ng, 30 ng and 
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150 ng.  All samples were prepared in duplicate.  In different 0.2 ml microcentrifuge tubes, 
different volumes of semen were added by serially diluting a previously quantified semen 
stock sample.  The volume was then brought up to 20 µl using deionized water.  Twenty 
microliters of different amounts of semen samples were then digested with ZyGEM (67 µl 
H2O, 10 µl 10x Blue Buffer, 3 μl forensicGEM™; total volume of 100 μl) at 75 °C for 15 
minutes and then cooled to 4 °C for 5 minutes.  The samples were then centrifuged at 21,130 
x g in a microcentrifuge for 5 minutes to mimic a differential protocol to pellet the sperm 
cells and 80 μl of the supernatant was removed.  20 µl of 0.625 U/µl (12.5 units), 1.25 U/µl 
(25 units), 2.5 U/µl (50 units) or 5 U/µl (100 units) of Benzonase® was added to different 
samples followed by sample incubation at 37 °C for 30 minutes, 75 °C for 15 minutes, and 
4 °C for 5 minutes.  The sperm cells were eventually lysed using 10 µl of 10X Orange 
Buffer, 10 µl of AcroSolv, 2 µl of forensicGEM™; total volume of 100 µl) at 52 °C for 5 
minutes, 75 °C for 3 minutes and 95 °C for 3 minutes. Data for samples treated with 12.5U 
Benzonase® is not shown due to possible errors. 
As a control, the experiment was repeated without the addition of Benzonase®. The 
samples were subsequently quantified and amplified. 
 
2.2.2 Benzonase® Concentration Optimization using Epithelial cell Only Samples 
To determine the optimal Benzonase® concentration to remove all possible 
residual epithelial cell DNA, a range of Benzonase® concentrations: 25 U and 50 U, were 
tested against range of epithelial cell DNA amounts: 35 ng, 100 ng and 200 ng.  All samples 
were prepared in duplicates.  In different 0.2 ml microcentrifuge tubes, different volumes 
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of E-cells were added by serially diluting a previously quantified freshly prepared saliva 
sample. The volume was then brought up to 20 µl using deionized water.  Twenty 
microliters of different amounts of E-cells were then digested with ZyGEM (67 μl H2O, 
10 μl 10x Blue Buffer, 3 μl  forensicGEM™; total volume of 100 μl) at 75 °C for 15 minutes 
and then cooled to 4 °C for 5 minutes.  The samples were then centrifuged at 21,130 x g in 
a microcentrifuge for 5 minutes to mimic a differential protocol to pellet the “sperm cells” 
and 80 μl of the supernatant was removed.  20 µl of 1.25 U/µl (25 units) or 2.5 U/µl (50 
units) of Benzonase® was added to different samples and samples were incubated at 37 °C 
for 30 minutes, 75 °C for 15 minutes, and 4 °C for 5 minutes. 
As control the experiment was repeated without the addition of Benzonase®. The 
samples were subsequently quantified and amplified. 
 
2.2.3 Benzonase® Reaction Time Optimization using Epithelial cell Only Samples 
To test if the procedure could be further streamlined to avoid the samples being in 
reaction with a nuclease for too long, the previous experiment mentioned in Section 2.2.2 
was repeated using two different Benzonase® reaction time: 30 minutes and 15 minutes.  
The experiment set-up was prepared in duplicate using pre-quantified amounts of  E-cells. 
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2.3 Simulated Sexual Assault Differential Extraction: Increased Ratios of E-cells to 
Sperm Cells 
 
2.3.1 Increasing Epithelial Cell Concentrations Against Constant Sperm Cell 
Concentration 
To test the differential extraction procedure, simulated sexual assault samples of 
different cell mixtures were prepared using freshly prepared and pre-quantified saliva and 
semen samples.  While the final sperm DNA concentration was kept constant at 0.2 ng/µl 
(20 ng), increasing amounts of E-cells were added to prepare four different cell mixtures 
(E-cell:sperm); 1:1 (20 ng:20 ng), 5:1 (100 ng: 20 ng), 20:1 (400 ng:20 ng) and 50:1 (1 
µg:20 ng).  All cell mixtures were prepared in duplicates. Each mixture was prepared in a 
total volume of 20 µl which was extracted following the optimized differential extraction 
protocol summarized in Table 1.   Sperm fractions were then quantified and amplified with 
a target of 0.75 ng, separated via CE and analyzed as previously described. For samples 
with quantitation values below 0.075 ng/µl, 10 µl of sample was amplified. 
 As a control, two samples, each containing either 1:10 E-cell only or 1:100 semen 
only, were prepared to mimic as reference standards for comparison of profiles. 
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Table 1. Novel direct-lysis differential extraction procedure outline. 
ZyGEM Extraction  
Temperature settings: 75 °C (15 minutes), 4 °C (5 minutes hold) 
EA1 3 µl 
Blue Buffer 10 µl 
Total Volume 100 µl 
Centrifuge Max Speed (5minutes). 
 Remove all but 20ul supernatant 
Benzonase® Treatment 
Temperature Settings: 37 °C (15 minutes), 75 °C ( 15 minutes), 4 °C (5 minutes hold) 
25U Benzonase 20 µl 
Total volume 40 µl 
AcroSolv Extraction 
Temperature Settings: 52oC (5 minutes), 75oC (3 minutes), 95oC ( 3minutes), 4oC hold 
EA1 2 µl 
Orange Buffer 10 µl 
AcroSolv 10 µl 
Total Volume 100 µl6 
 
2.3.2 Increasing Epithelial Cell Concentrations Against Constant Sperm Cell 
Concentration (Four Weeks Old Aged Mixtures) 
To test the robustness and sensitivity of the differential extraction procedure, the 
experiment outline described in section 2.3.1 was repeated with aged mixtures that were 
either dried in open tubes or on cotton swatches for four weeks. These mixtures and 
controls were prepared simultaneously with the previous experiment but were left in the 
extraction laboratory under room temperatures for four weeks before undergoing the 
differential extraction procedure. 
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2.3.3 Increasing Sperm Cell Concentrations Against Constant Epithelial Cell 
Concentration 
To test the differential extraction procedure on low amounts of sperms, simulated 
sexual assault samples of different cell mixtures were prepared using freshly prepared and 
pre-quantified saliva and semen samples.  While the final E cell DNA concentration was 
kept constant at 1.0 ng/µl (100 ng), increasing amounts of sperm cells were added to 
prepare five different cell mixtures (E-cell:Sperm); 60:1 (100 ng:1.65 ng; ~500 sperm), 
30:1 (100 ng: 3.3 ng, ~1000 sperm), 12:1 (100 ng:8.25 ng, ~2500 sperm), 6:1 (100 ng:16.5 
ng; ~5000 sperm) and 3:1 (100 ng:33 ng; ~10000 sperm).  All cell mixtures were prepared 
in duplicates.  Each mixture was prepared in a total volume of 20 µl which was extracted 
following the optimized differential extraction protocol previously described.  Sperm 
fractions were then quantified and amplified with a target of 0.75 ng, separated via CE and 
analyzed as previously described. For samples with quantitation values below 0.075 ng/µl, 
10 µl of sample was amplified. 
 As a control, two samples, each containing either 1:10 E-cell only or 1:100 semen 
only, were prepared to mimic as reference standards for comparison of profiles. 
 
2.4 Testing for Possible Residual Nuclease 
To test if there is any form of nuclease contamination, the entire differential 
extraction procedure was performed without the addition of any free DNA.  At each stage 
(post- ZyGEM extraction, post-Benzonase® treatment and post AcroSolv treatment), 2µl 
of the sample was mixed with the quantitation reaction mixture mimicking the original 
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quantitation set up.  The quant mixture was then incubated at 37 °C for 15 minutes, 
following which quantitation was performed.  Presence of residual active nuclease was 
indicated by a poor internal positive control (IPC) cycle threshold (CT) range of more than 
29.98. 
 
2.4.1 Removal of Possible Residual Nuclease Indicated by IPC Correction 
Possible nuclease activity was mitigated through the introduction of heat 
denaturation or addition of EA1 protease.  Samples with no DNA were subjected to the 
entire differential extraction procedure, albeit with minor modifications; following post 
ZyGEM extraction, certain samples were supplemented with a range of 10-fold diluted 
EA1 Protease (1 µl, 2.5 µl, 5 µl or 10 µl).  EA1 protease was diluted 10-fold using 1X Blue 
buffer.  Other samples were subjected to heat denaturation at 95 °C post-Benzonase® 
treatment for either 5 minutes or 10 minutes.  Two microliters of the sample were then 
mixed with the quantitation reaction mixture mimicking the original quantitation set up.  
The quant mixture was then incubated at 37 °C for 15 minutes, following which quantitation 
was performed.  Residual nuclease activity was resolved if the IPC CT ranged from 26.88-
29.98. 
 
2.4.2 Peak Height Intensity and Recovery Check 
To test if the supplementation of additional EA1 protease resolved the degradation 
issue, the differential extraction procedure outlined in Section 2.4.1 was reproduced with 
EZ1 extracted DNA.  Post-completion of the procedure, approximately 5 ng of EZ1 
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extracted DNA was added to the samples and incubated at 37 °C for 15 minutes.  Samples 
were then directly amplified, and the EPGs were generated for comparison. 
 
2.5 Simulated Sexual Assault Differential Extraction: Introduction of Benzonase®-
EA1 Cocktail 
To compare peak height recovery, the experiment previously described in section 
2.3.3 was repeated with the addition of a Benzonase®-EAI cocktail during the Benzonase® 
treatment step instead of the 25 U Benzonase®.  The Benzonase®-EA1 cocktail was 
prepared by mixing 25 U (20 µl of 1.25 U/µl) Benzonase® with 2.5 µl of 1:10 EA1.  
Samples were then directly amplified, and the EPGs were generated for comparison against 
profiles generated of samples that were treated with Benzonase® only. 
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3. Results and Discussion 
3.1. Benzonase® Nuclease Optimization 
The introduction of Benzonase, a highly selective nucleic acid degradation enzyme, 
to the direct-lysis differential extraction procedure was a crucial step to benefit from the 
potential of two essential enzymes, EA1 and AcroSolv, in being utilized for differential 
extraction.  The differential resistance of E-cells and sperm to chemical agents 
demonstrates that EA1 can be a potential candidate for the mild lysis of E-cells while 
keeping sperm cells intact.  AcroSolv can then be used to disrupt the sperm nucleus and 
release the male DNA.  Benzonase® is an effective nuclease to be used to eradicate any 
possible residual DNA from the female fraction, prior to AcroSolv treatment.  Preliminary 
experiments that established a working differential extraction procedure utilized 50 units 
of Benzonase® at a reaction time of 30 minutes for the removal of residual free DNA [49].  
It is essential to optimize the Benzonase® concentration as the digestion and removal of 
Benzonase® is limited by the EA1 concentration and reaction time.  The presence of any 
active nuclease could degrade subsequent free male DNA or affect downstream 
amplification reactions. 
 
3.1.1 Benzonase® Concentration Optimization using Sperm Only Samples 
To determine an optimal Benzonase® nuclease concentration which would be 
timely digested and removed by EA1 prior to the AcroSolv treatment, varied amounts of 
sperm only samples: 5ng, 15ng, 30ng and 150ng were treated with a range of Benzonase® 
concentrations, 12.5U, 25U, 50U and 100U, for 30 minutes.  Approximately 100% sperm 
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DNA recovery was observed across all concentrations of Benzonase® for all varied DNA 
amounts of samples except for a sperm only sample (n=1) containing 150ng of DNA that 
was treated with 100 units of Benzonase® respectively.  For these sample, approximately 
81% of DNA was recovered when 150ng of DNA was treated with 100 units of 
Benzonase® for 30 minutes ( Figure 6).  
 
  
Figure 6.  Graph depicting amount of sperm DNA recovered from samples treated with varied concentrations 
of  Benzonase® prior to AcroSolv treatment.  
 
A possible explanation for the reduced DNA recovery could be that at 75 °C when 
the EA1 is active and digesting 100 units of Benzonase®, high number of sperm cells could 
present additional substrate for  EA1.   Furthermore, at 100 units, the ratio of EA1 to 
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Benzonase® was insufficient to completely digest the nuclease and such, possible residual 
Benzonase® may remain in the sample prior to AcroSolv treatment.  This would allow any 
residual Benzonase® left in the sample to degrade and digest the DNA post Acrosolv 
treatment.  The effect of the 100U Benzonase® treatment may have resulted in possible 
residual Benzonase® across all varied amounts of sperm only samples (n=4) but it was 
more evident in the samples containing approximately 150 ng of sperm DNA.  This may 
be due to the higher probability of residual Benzonase® coming into contact with DNA at 
high concentrations.  Electropherograms (EPG) generated for all concentrations resulted in 
full profiles.  Possible signs of degradation were observed in profiles generated from ~15ng 
samples treated with 100U and 50U Benzonase® ( Figure 7).  This was evident in the “ski-
slope” effect where the peak height intensity for larger fragments were not as high 
compared to the lower fragments.  EPGs generated from all samples, except a sperm only 
sample(n=1) containing 5 ng of DNA ( Data not shown), treated with 25U Benzonase® 
showed no “ski-slope” effect, indicating absence of degradation. Presence of degradation 
and allele dropout in sample containing 5ng of sperm DNA and treated with 25U 
Benzonase® could be because of a lower amplification mass (0.34ng) that was amplified 
compared to 0.75ng. Furthermore, the presence of degradation manifesting at low amounts 
of sperm may indicate incomplete Benzonase® digestion resulting in trace amounts of 
residual Benzonase® that may digest sperm DNA.  
As such, it was preliminarily determined that 25U Benzonase® was suitable for the 
differential extraction procedure without the risk of losing valuable male DNA. 
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Figure 7.  Blue dye channel of EPGs generated with Identifiler® Plus amplification of  ~15ng sperm only 
samples treated with varied concentrations of Benzonase® [100U (A), 50U (B) and 25U (C)] for 30 minutes, 
prior to AcroSolv treatment. EPGs indicate apparent degradation of sperm DNA when treated with 100U and 
50U Benzonase®. Labels indicate alleles and respective peak heights. 
 
 
 
 
 
 
(A) 
(B) 
(C) 
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3.1.2 Benzonase® Concentration Optimization using Epithelial cell Only Samples 
The success of nuclease treatment is measured by the removal of all possible 
residual epithelial cell DNA.  A preliminary experiment was conducted where varied 
amounts of pre-quantified E-cell DNA, with starting DNA amount ranging from 
approximately 35ng to 200ng were treated with a range of Benzonase® concentrations, 
12.5U, 25U, 50U and 100U, for 30 minutes.  On average, less than 1% of average epithelial 
cell DNA was observed to be remaining in all tubes post Benzonase® treatment.  However, 
approximately 50.4% difference was observed within duplicates when 35ng of pre-
quantified epithelial cell DNA was treated with 12.5U Benzonase®.  In a single tube 
consisting of 35ng epithelial cell DNA, 0.55% of DNA remained post Benzonase® 
treatment while in another, 1.09% of DNA remained (data shown in Appendix).  While the 
amount of epithelial cell DNA is very minute, the inconsistency in duplicates treated with 
12.5 U Benonase® with the same starting amount of DNA is concerning for the 
reproducibility of the results.  
The experiment was repeated to assess if the procedure could be further streamlined 
by reducing the reaction time of the Benzonase® treatment.  The experiment was set up 
under equivalent conditions, however, the Benzonase® treatment time was reduced from 
30 minutes to 15 minutes.  Similar to the previous experiment, less than 1% of average 
epithelial cell DNA remained in the tubes post Benzonase® treatment for most samples 
(data shown in Appendix).  A similar inconsistency was observed within duplicates when 
35ng of pre-quantified epithelial cell DNA was treated with 12.5U Benzonase®.  In a single 
tube consisting of 35ng epithelial cell DNA, 0.18% of DNA remained post Benzonase® 
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treatment while in another, 3.73% of DNA remained (Appendix).  As such, it was 
determined that treating samples with 12.5U Benzonase® may not provide a sufficient 
amount of nuclease activity for the differential extraction procedure. Presence of trace 
amounts of E-cells resulting from an incomplete Benzonase® digestion may result in 
significant female carryover in the sperm fraction. Especially in cases where low amounts 
of sperm was initially present, the female carryover may compete with sperm DNA for 
primers during amplification, resulting mixture profiles that may be difficult to interpret. 
In contrast, there were insignificant differences in the amount of epithelial cell 
DNA remaining when treated with 25U or 50U Benzonase®.  It was hence determined that 
a lower concentration of 25U Benzonase® would be adopted as the concentration for the 
procedure going forward.  Choosing a lower concentration of Benzonase® would reduce 
the probability of sperm DNA degradation due to any possible premature lysis.  At this 
concentration, from previous experiments with sperm only samples, 100% sperm DNA 
was recovered indicating its suitability for the procedure.  Insignificant differences were 
also observed when the reaction time was reduced to 15 minutes.  Therefore, the 
Benzonase® treatment procedure was streamlined to a 15 minutes reaction time with 25U 
(1:200 dilution of stock) Benzonase®. 
The experiment was reproduced by treating varied amounts of E cell DNA (200ng, 
100ng 50ng and 25ng) with 25U and 50U Benzonase® for either 15 or 30 minutes.  Less 
than 1% of E cell DNA remained in all samples post Benzonase® treatment.  Profiles 
generated from these samples showed no peaks and allele calls at an analytical threshold 
of 30 rfu, indicative of a negative sample for E cell DNA.  No difference was observed 
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between profiles for samples that were treated with 50U Benzonase® for 30 minutes and 
samples that were treated with 25U Benzonase® for 15 minutes. 
 
Figure 8.  Graph depicting mean percentage of E-cell DNA remaining in post-ZyGEM extracted samples 
treated Benzonase®  at varied concentrations and at two different reaction times, 30 minutes and 15 minutes.  
. 
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Figure 9. Blue dye channel of EPGs generated with Identifiler® Plus amplification of ZyGEM-extracted  E-
cell only samples. EPG of an untreated 1:10 E-cell only sample (A) is compared against E-cell only samples  
treated with varied concentrations of Benzonase® at two different reaction times, 30minutes (B) and 15 
minutes (C). No peaks detected at an analytical threshold of 30 was indicative of E-cells being successfully 
degraded by Benzonase®. 
 
(C) 
(A) 
(B) 
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3.2 Simulated Sexual Assault Differential Extraction: Increased Ratios of E cells to 
Sperm Cells 
Evidence samples from sexual assault victims bring their own challenges to an 
analyst.  One of the major challenge faced by an analyst is to produce an autosomal single-
source male profile from evidence samples that are predominantly mixtures of unbalanced 
ratios.  Usually, the concentration of E-cells is higher than that of the sperm cells. 
 
3.2.1 Increasing Epithelial Cell Concentrations Against Constant Sperm Cell 
Concentration 
The novel differential extraction procedure was established using preliminary 
experiments that showed robustness and sensitivity at ratios up to 50:1 (E-cells:sperm).  
However, these preliminary experiments used varied amounts of E-cells and sperm cells.  
To test the limit and validate the robustness of the procedure, in producing single source 
male autosomal profiles in the sperm fraction, mock sexual assault evidence samples were 
prepared using a constant total sperm cell DNA amount of approximately 20 ng (~6000 
sperm) and varied amounts of freshly prepared and quantified E-cells.  Mixture ratios of, 
epithelial cell DNA: sperm DNA, 1:1, 5:1, 20:1 and 50:1 were prepared.  Cells were 
extracted using the novel differential extraction procedure.  Post-extraction, approximately 
100% of sperm DNA was recovered at all ratios.  The amount of sperm DNA recovered 
was more than 20ng for all samples (Table 2).  The mock sexual assault samples were 
prepared by determining the amount of  DNA in a 1:100 diluted sperm donor sample 
through AcroSolv extraction and DNA quantification.  DNA concentration was then 
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calculated using a previously calibrated standard curve.  The amount of DNA present in 
the donor sample was estimated based on the DNA quantification. DNA profiles generated 
of the sperm fractions indicated more than 90%-100% male peak height contribution across 
all unbalanced ratios.  There was a gradual increase in female contribution with increased 
epithelial cell concentration as shown in Figure 10.  However, the mean percentage of 
female peak height carryover was less than 10% (8.4%) for samples prepared at the highest 
ratio of 50:1 (Epithelial cell DNA: Sperm DNA) where 1000 ng of epithelial cell DNA was 
mixed with approximately 20 ng of sperm DNA.  As shown in Figure 11, the female 
carryover in samples was minor compared to the allele contribution of the male, thereby 
allowing for an easy interpretation of the profiles.  The profiles could be treated as single 
source profiles for statistical analysis. 
Table 2: Mean percentage of male DNA recovery in sperm fraction of freshly prepared samples 
Mixture 
Ratio 
Starting E-cell 
Amount(ng) 
Starting 
Semen 
Amount(ng) 
Fraction Human 
Concentration 
Recovered(ng/µl) 
Male 
Concentration 
Recovered (ng/µl) 
Mean 
Percentage 
Recovery (%) 
1:1 20 20 Sperm 0.17464 0.278943382 ~100 
0.23197 0.237724461 
5:1 100 20 Sperm 0.250003 0.298196861 ~100 
0.280873 0.319518222 
20:1 400 20 Sperm 0.276467 0.284395342 ~100 
0.299349 0.308847835 
50:1 1000 20 Sperm 0.308103 0.280808623 ~100 
0.384693 0.315282209 
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Figure 10. Blue dye channel of EPGs generated using Identifiler Plus® from sperm fractions of mixture 
samples [1:1 (A), 20:1 (B) and 50:1 (C)]. Female carryover is indicated by red squares. Labels indicate 
allele, peak height and amplicon size. 
(A) 
(B) 
(C) 
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Figure 11. Graph depicting best fit peak height of female carryover and best fit male peak height using all 
loci across mixture ratios for freshly prepared mock sexual assault samples 
 
3.2.2 Mixture Experiment with Increasing Amounts of E-cells Aged for 4 weeks  
Evidence samples from sexual assault cases are usually collected as stains on 
clothing materials or vaginal swabs from rape kits.   Furthermore, with the current sexual 
assault backlog, most of these samples do not get processed till a later date.   Hence, to test 
the robustness of the procedure on aged samples, mock sexual assault samples of 
unbalanced ratios, similar to the previous experiment mentioned in Section 3.2.1, were 
prepared in open 0.2 µl microcentrifuge tubes or cotton swatches and left to age for 4 weeks 
at room temperature.  The mean male DNA recovered from cotton swatches ranged from 
77%-100% (Table 3) while the mean male DNA recovered from the open 0.2ul tubes 
ranged from 45-70% (Table 4).  
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 Table 3: Mean percentage of male DNA recovery in sperm fraction of samples aged for 4 weeks    
                on cotton swatches 
 
Table 4: Mean percentage of male DNA recovery in sperm fraction of samples aged for 4 weeks    
                In open 0.2ul microcentrifuge tubes 
 
 
 
 
 
Mixture 
Ratio 
Starting E-cell 
Amount(ng) 
Starting 
Semen 
Amount(ng) 
Fraction Human 
Concentration 
Recovered(ng/µl) 
Male 
Concentration 
Recovered(ng/®l) 
Mean 
Percentage 
Recovery(%) 
1:1 20 20 
Sperm 
 
0.078 0.109 
~77.5 
0.120 0.215 
5:1 
 
100 
 
20 
 
Sperm 
 
0.117 0.156 ~90.0 
 0.145 0.221 
20:1 
 
400 20 Sperm 
0.365 0.147 
~77.5 
0.282 0.227 
50:1 1000 20 Sperm 
0.271 0.221 ~100 
 0.331 0.189 
Mixture 
Ratio 
Starting E 
cell 
Amount(ng) 
Starting 
Semen 
Amount(ng) 
Fraction Human 
Concentration 
Recovered(ng/µl) 
Male 
Concentration 
Recovered(ng/µl) 
Mean 
Percentage 
Recovery(%) 
1:1 20 20 Sperm 0.073 0.100 ~60.0 
 
0.119 0.136 
5:1 100 20 Sperm 0.044 0.081 ~45.0 
 
0.061 0.097 
20:1 400 20 Sperm 0.078 0.099 ~50.0 
 
0.112 0.101 
50:1 1000 20 Sperm 0.119 0.143 ~70.0 
 
0.152 0.140 
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The difference in mean male DNA recovery could be due to a variety of extrinsic 
factors such as the ability of the cotton swatch to retain cells, open tubes being exposed to 
environment conditions and natural degradation of aged samples etc.  Profiles generated 
from the sperm fractions for samples on cotton swatches and for samples dried in open 
tubes showed between 85%-100% mean male peak height contribution and between 70%-
100% mean peak height contribution respectively across all unbalanced ratios.  There was 
a gradual increase in female contribution with increased epithelial cell concentration as 
shown in figures 12 and 13, similar to that previously observed with freshly prepared 
samples.  The mean percentage of female peak height carryover was about 14.6% (data not 
shown) for samples aged on cotton swatch and 26.4% (data not shown) for samples aged 
in open tubes.  These samples (n=2) were prepared at the highest ratio of 50:1 (Epithelial 
cell DNA: Sperm DNA) where 1000 ng of epithelial cell DNA was mixed with 
approximately 20 ng of sperm DNA. As shown in figures 14 and 15, similar to previous 
experiments, the female carryover was minor compared to the allele contribution of the 
male, thereby allowing for an easy interpretation of the profiles where the profiles appeared 
to be predominantly male.  These profiles could be treated as mixed source profiles with 
easy interpretation of the major contributor for statistical analysis. 
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Figure 12. Blue dye channel of EPGs generated using Identifiler Plus® from sperm fractions of mixture 
samples aged for 4 weeks on cotton swatches [1:1 (A), 20:1 (B) and 50:1 (C)]. Female carryover is indicated 
by red squares. Labels indicate allele, peak height and amplicon size. 
(A) 
(B) 
(C) 
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 Figure 13. Blue dye channel of EPGs generated using Identifiler Plus® from sperm fractions of 
mixture samples dried and aged for 4 weeks in  open 0.2ul microcentrifuge tubes [1:1 (A), 20:1 (B) and 50:1 
(C)]. Female carryover is indicated by red squares. Labels indicate allele, peak height and amplicon size. 
  
 
 
 
 
(A) 
(C) 
(B) 
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Figure 14. Graph depicting best fit peak height of female carryover and best fit male peak height using all 
loci across mixture ratios for mock sexual assault samples aged 4 weeks on cotton swatches. 
  
Figure 15. Graph depicting best fit peak height of female carryover and best fit male peak height using all 
loci across mixture ratios for mock sexual assault samples aged 4 weeks in open 0.2 µl microcentrifuge tubes. 
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However, a concerning trend was observed in the profiles and peak heights 
generated for samples (Figure 15) that were aged in open tubes for 4 weeks.  EPGs 
presented a “ski-slope” effect across all ratios (Figure 13).  This trend is indicative of 
degradation.  The samples in tubes took more than 96 hours for the liquid to evaporate to 
dryness.  This may explain the degradation, but other causes must be considered.  While 
the “ski-slope” trend is concerning, a full male profile was still obtained for all ratios. 
Male DNA carryover was observed in the e-cell fractions of 1:1 mixtures (Figure 
16) in both swatches and dried samples.  This may indicate that at concentrations where 
the E-cells become limiting, EA1 activity may result in some sperm lysis.  As mentioned 
before, EA1 has minimal cut sites at the sperm protamines and hence a reduced ability to 
digest the protamine-DNA complex.  However, the data indicates that there is a possibility 
of premature sperm lysis in situations where the EA1 is in excess.  Considerations of how 
to adjust the amount of EA1 for the ZyGEM reaction for the numerous combinations and 
scenarios of possible unbalanced ratios of E-cell and sperm is needed.  However, reduction 
of the concentration of EA1 added to samples according to the type of evidence submitted 
is also possible.  For example, in situations where a cutting from a blanket with a semen 
stain was submitted with possibly low amounts of epithelial cell DNA from the victim, it 
may be advisable to reduce the volume of EA1 added from 3 µl to as low as 1µl to prevent 
loss of  sperm DNA to the female fraction.  Despite the loss of some male DNA to the 
epithelial cell fraction for mixtures that were 1:1, full single source male profiles, with 
interpretable peak heights, were observed in the sperm fractions. 
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Figure 16. Blue dye channel of EPGs generated using Identifiler Plus® from E -cell fractions of mixture 
Samples dried and aged for 4 weeks on cotton swatches [1:1 (A), 50:1 (Aii)] or in  open 0.2ul microcentrifuge 
tubes [1:1 (B),  and 50:1 (Bii)]. Male carryover is indicated by red squares. Labels indicate allele, peak height 
and amplicon size. 
(A) 
(Aii) 
(B) 
(Bii) 
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3.2.3 Increasing Sperm Cell Concentrations Against Constant Epithelial Cell 
Concentration 
To test the robustness of the procedure on mixtures low amounts of sperm, mock 
sexual assault samples of unbalanced ratios (E-cell: Sperm), 60:1, 30:1, 12:1, 6:1 and 3:1, 
were prepared.  The starting E-cell concentration was kept constant at 1ng/µl (100 ng) 
while increasing amounts of sperm was added to the mixture 500 sperm (1.65 ng), 1000 
sperm (3.3 ng), 2500 sperm (8.25 ng) ,5000 sperm (16.5 ng) and 10000 sperm (33 ng). The 
mean male DNA recovered post-extraction ranged from approximately 26%-85% (Table 
5) .  Reduced percentage of DNA recovery indicated presence of possible degradation.  
Table 5: Mean percentage of male DNA recovery in sperm fraction of mock sexual assault samples 
of unbalanced ratios and low sperm count. Value indicated in red was treated as an anomaly and 
excluded from all analysis 
Ratio 
Starting E-
cell DNA 
Amount (ng) 
Starting 
Sperm DNA 
Amount (ng) 
Total 
Sperm 
Count 
Male DNA 
Concentration 
(ng/µl) 
Amount of 
Male DNA 
Recovered(ng) 
Mean percentage 
of Male DNA 
Recovery (%) 
60:1 100 1.65 
500 0 0 
32.8 
500 0.0108 1.08 
30:1 100 3.30 
1000 0.0087 0.87 
26.1 
1000 0.0085 0.85 
12:1 100 8.25 
2500 0.0272 2.72 
37.2 
2500 0.0341 3.41 
6:1 100 16.5 
5000 0.1892 18.92 
85.2 
5000 0.0920 9.20 
3:1 100 33.0 
10000 1.0690 106.92 
65.8 
10000 0.2171 21.71 
 
Full single-source male DNA profiles were only obtained for ratios 6:1 (100 ng E-
cell DNA:16.5 ng Sperm DNA) and 3:1 (100 ng E-cell DNA: 33 ng Sperm DNA), as shown 
in Figure 17.  Peak heights and total number of alleles obtained across all ratios were not 
comparable, because for samples that resulted in less than 0.075 ng/µl of extracted DNA 
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in the sperm fraction, 10 µl of the sample was amplified. Hence, the amount of  DNA 
amplified varied across ratios. 
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Figure 17. Green dye channel of EPGs generated using Identifiler Plus® from sperm fractions of mixture 
samples [3:1 (A), 6:1 (B), 30:1 (C) and 60:1 (D)]. Female carryover is indicated by red squares. Labels 
indicate allele, peak height and amplicon size. 
(A) 
(B) 
(C) 
(D) 
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As such, male fractions from samples of unbalanced ratios (60:1, 30:1 and 12:1) 
were concentrated with Microcon DNA Fast Flow ( Thermofisher Scientific,Waltham,US)  
columns and 0.5 ng of the extracted DNA was then amplified.  Ratios 6:1 and 3:1 were 
also amplified using 0.5 ng of extracted DNA for comparison.  Full male profiles were 
obtained for most samples post concentration (Figure 18) except for ratio 60:1 where alleles 
at loci D21S11, D7S820, D13S317 and D2S1338  were dropped out.  Despite allele 
dropout, ratio 60:1 presented complete alleles of interpretable peak heights at 13/16 loci. 
This indicated the sensitivity of the novel procedure in producing nearly male profiles in 
the sperm fraction at low amounts of sperm (3.3 ng, 0.033 ng/µl). At ratios 60:1 where low 
amounts of sperm (1.65 ng, 0.0165 ng/µl) were mixed with 100 ng of E-cell DNA, while 
most of the male alleles were called, the approximate female carryover to male DNA was 
in the ratio 1:1.27, making interpretation more difficult.  
An alternative to concentrating samples using Microcon may be to reduce the 
volume under which the extraction procedure is conducted to concentrate the extracted 
DNA.  
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Figure 18. Green dye channel of EPGs generated using Identifiler Plus® from sperm fractions of mixture 
samples [3:1 (A), 6:1 (B), 30:1 (C) and 60:1 (D)], post concentration using MicroCon DNA Fast Flow. 
Female carryover is indicated by red squares. Labels indicate allele, peak height and amplicon size. 
(A) 
(B) 
(C) 
(D) 
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3.3 Testing for Possible Residual Nuclease Using IPC Values 
The presentation of possible degradation in EPGs that were generated from samples 
with low amounts of sperms was concerning.  A possible reason for the presentation of the 
degradation could be due to the presence of residual Benzonase® in the solution prior to 
AcroSolv treatment.  In theory, similar amounts of residual Benzonase® should remain 
across all samples.  However, the presentation of ski-slopes in EPGs were only visible at 
mixtures with low amounts of sperm.  One possible explanation for this presentation could 
be that artifacts may be masked at high peak height intensities. 
An initial experiment with sperm only samples, treated with 100U Benzonase®, 
also showed the possible degradation effect in the EPGs. This degradation effect was only 
visible at high concentrations of Benzonase®, indicating that EA1 does become limiting 
in the removal of Benzonase®.  During the separation of the female fraction, approximately 
80 % of the initial EA1 is removed. Hence, only the remaining 20 % is involved in 
Benzonase® digestion.  To test if the presentation of degradation in the mixture samples 
was due to possible residual Benzonase®, samples containing no DNA were subjected to 
the entire novel differential extraction procedure.  Two microliters of the sample were then 
incubated with the quantitation mixture at 37 °C for 15 minutes.  Possible residual 
Benzonase® present in the sample would degrade the IPC amplicons resulting in poor IPC 
CT values greater 29.98, indicating PCR inhibition.  Negative IPC CT values were 
observed in these samples (n=3) compared to the controls were no Benzonase® was added 
(Table 6).  This indicated the presence of residual Benzonase® in the solution.  Increasing 
the temperature to 95 °C for 5 minutes post Benzonase® treatment, to possibly heat 
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denature any residual Benzonase®, showed a recovery in the IPC CT value (Mean= 36.81), 
however the IPC  CT values were still not in the acceptable range of  less than or equal to 
29.98.  
Table 6. IPC CT values of samples indicating possible residual Benzonase® activity 
 
 
 
 
 
 
 
 
The experiment was repeated with additional supplementation of 1:10 dilution of 
stock EA1 to possibly degrade any residual Benzonase®. Using supplementation of 1:10 
EA1 resolved the IPC CT values to the normal range (Table 7).  The removal of female 
fraction post-ZyGEM treatment results in the simultaneous removal of 80% EA1 from the 
solution.  As such, the data indicates the need for additional supplementation of EA1 with 
Benzonase® during the Benzonase® treatment to completely degrade the Benzonase® in 
the solution.  
 
 
 
 
Sample Type IPC CT Value 
Benzonase® Treatment 
 
Undetermined 
Undetermined 
Undetermined 
Benzonase® Treatment with additional heat denaturation step 
(95oC) for 5 minutes 
 
34.853 
38.961 
36.626 
Untreated Sample 29.356 
Positive Standard 30.252 
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Table 7.  Recovery of IPC CT values indicating the need for additional EA1 supplementation 
during Benzonase® Treatment  
 
The experiment was reproduced by adding 5 ng of EZ1 extracted DNA post 
differential extraction and incubating the sample at 37 °C for 15 minutes prior to 
quantitation.  EPGs generated of these profiles, as shown in Figure 19,  showed a recovery 
of peak heights for the larger molecular weight fragments that previously appeared 
degraded.  The peak heights of the larger fragments recovered by approximately two-fold 
( Figure 20), indicating the need to modify the differential extraction procedure to include 
additional EA1 in the form of a Benzonase®-EA1 cocktail. 
 
 
 
 
 
Sample Type IPC CT Value 
Benzonase® Treatment Undetermined 
Benzonase® Treatment  with Benzonase®-EA1 Cocktail (1ul of 1:10 EA1) 29.506 
29.412 
Benzonase® Treatment  with Benzonase®-EA1 Cocktail (2.5ul of 1:10 EA1) 29.693 
29.529 
Benzonase® Treatment  with Benzonase®-EA1 Cocktail (5ul of 1:10 EA1) 29.688 
29.866 
Benzonase® Treatment  with Benzonase®-EA1 Cocktail (10ul of 1:10 EA1) 30.983 
30.512 
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Figure 19. Blue and green dye channels of  EPGs generated, using Identifiler Plus® , from EZ1-extracted 
DNA that were incubated for 15 minutes at 37 °C post differential extraction. The extraction procedure was 
conducted with either Benzonase®(A) or Benzonase®-EA1 cocktail (B). Labels indicate allele, peak height 
and amplicon size. 
 
 
(A) 
(B) 
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Figure 20. Graph depicting peak heights across all loci for samples treated with either Benzonase® (blue) or 
Benzonase®-EA1 cocktail (green). Increased fluctuation in peak heights indicates possible degradation. 
 
3.4 Mixture experiment with increasing amount of sperm + Benzonase® cocktail 
As sexual assault samples bring additional challenges to analyses, the robustness 
and reproducibility of the addition of Benzonase®-EA1 cocktail needed to be tested. As 
the presentation of degradation are more visible at low amounts of sperm, the experiment 
outlined in Section 3.2.2 was repeated using a Benzonase®-EA1 cocktail. Post-
quantitation, sperm fractions with less than 0.05 ng/µl of extracted DNA were concentrated 
with MicroCon DNA Fast Flow.  EPGs generated of the concentrated samples showed full 
male DNA profiles for all ratios.  Degradation was not apparent with samples extracted 
with the modified procedure, presenting higher peak heights and more complete profiles.  
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Comparing the EPGs of 60:1, 30:1 and 12:1 mixture samples that underwent the 
differential extraction with either Benzonase® or Benzonase®- EA1 cocktail respectively 
(Figure 21), it was evident that samples that underwent the differential extraction procedure 
with Benozonase-EA1 cocktail resulted in higher peak heights indicating complete 
degradation of possible residual Benzonase®.  Furthermore, DNA profiles from the sperm 
fraction of 60:1 samples that was treated with Benzonase-EA1 cocktail showed full (16/16) 
male profile. While the profile was a mixture of both male and female contribution, the 
ratio of male peak height to female peak height was approximately 3:1( data not shown) 
allowing for an easier interpretation of the profile, compared to 60:1 samples that was 
treated with Benzonase® only where not only was allelic dropout present (13/16), but also 
the ratio of male peak height to female peak height was approximately 1.27:1 making 
interpretation difficult. As such, it was determined that the additional EA1 supplementation 
is required to compensate for the loss of 80% of EA1 and to ensure the complete digestion 
of Benzonase®. 
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Figure 21. Graph depicting peak heights across all loci for samples treated with either Benzonase® or 
Benzonase®-EA1 cocktail. Male peak heights are indicated by blue circles and female peak heights are 
indicated by red triangles. Locus Amelogenin was not used for analysis due to allele sharing. 
4. Conclusions 
The novel direct-lysis differential extraction procedure using a multi-enzymatic 
approach has been shown to produce DNA profiles from the sperm fraction that are almost 
entirely from the male contributor, even down to  male-female DNA ratios of 
approximately 1:50 (1000 ng: 20 ng) or 1:60 (1.65 ng:100 ng).  Additionally, the procedure 
appears to be robust for use with samples  left on cotton swatches aged for 4 weeks.  DNA 
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profiles produced from the sperm fraction are also entirely from the male contributor, down 
to a male:female DNA ratio of 1:50 (1000 ng:20 ng).  Further experiments need to be 
conducted to understand the degradation apparent in samples that were dried in open tubes 
for 4 weeks.  One possible explanation could be that these samples were dried in small 
0.2ul microcentrifuge tubes containing 20ul of reagent. Most of these samples took 
approximately 5 days to completely dry, thereby increasing the cells exposure to natural 
degradation while at room temperature.  
Benzonase® nuclease is successful in selectively degrading residual E cell DNA as 
evident in the near single-sourced DNA profiles in the sperm fraction.  EA1 has 
significantly fewer cut sites to P1 and P2 and, as such, this method provides increased 
feasibility compared to previous selective degradation methods developed to process 
sexual assault samples.  However, additional volume of forensicGEM™ needs to be added 
during the Benzonase® treatment to compensate for the loss of approximately 80%  of 
forensicGEM™  during the separation of the male and female fractions.  This is to prevent 
possible degradation of the sperm DNA by residual Benzonase®.  As DNA profiles do still 
present possible degradation, it is of utmost interest to use nuclease detection assays to 
detect other residual nuclease activities that could possibly be degrading extracted DNA.  
Lastly, the currently optimized novel differential procedure is a time-efficient procedure 
that requires no additional wash steps or pre-PCR purification.  The entire procedure is 
robust and  can be completed in less than two hours.  This significantly reduces the time 
required to produce PCR-ready sperm fractions.  The rapid direct-lysis procedure has the 
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can be easily implemented in any forensic laboratory. The current optimized method for 
differential extraction from sexual assault samples is presented in below. 
 
 
Figure 22. Diagram illustrating current optimized novel direct-lysis differential extraction procedure. 
 
5. Future Directions 
Further testing is warranted to determine if this protocol is feasible for processing 
longer aged samples or compromised samples. Aging alters the sperm structure, and more 
likely results in fragile protamines. This adds a layer of complexity to the use of a nuclease 
for these samples.  
It is also warranted that the procedure be tested with swabs rather than liquid 
mixtures and swatches to simulate a more realistic sexual assault evidence sample. 
Additionally, the procedure should be scaled up to test the feasibility of extracting DNA 
from whole swabs. 
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APPENDIX A:   
Table 8: Preliminary results on percentage amount of E-cell DNA remaining post-Benzonase® 
treatment at varied Benzonase® concentrations and reaction times. 
Benzonase® 
Concentration  and 
Reaction Time 
Amount of Starting E cell 
DNA (ng) 
Concentration of 
E-cell DNA 
Recovered(ng/ul) 
Percentage 
amount of E-cell 
DNA remaining 
(%) 
50U/30min 
 
35ng 
 
 
 
 
 
 
 
 
 
 
 
0.003212749 0.364463817 
0.003368963 0.382185208 
50U/15 min 
 
0.001958267 0.222151656 
0.001707586 0.193713714 
25U/30min 
 
0.004502358 0.510760948 
0.00191093 0.216781665 
25U/15 min 
 
0.002518074 0.285657863 
0.003653017 0.414409173 
12.5U/30min 
 
0.004881905 0.553817972 
0.009675293 1.097594194 
12.5U/15min 
 
0.001564173 0.17744444 
0.03290695 3.733062948 
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Table 9:  Allele contribution of donor samples to mixture EPG profiles 
Loci E-cell Donor 
Allele 
Contribution 
Sperm Donor 1 
Allele 
Contribution 
Sperm Donor 2 
Contribution 
D8S1179 13,14 10,13 13 
D211S11 30,32.2 28,30 29 
D7S820 10,12 9,10 8,11 
CSF1PO 13 10 10 
D3S1358 16,18 15,18 14,15 
TH01 6,9 6,8 6,7 
D13S317 8,12 9,11 11,12 
D16S539 8,13 12 11,13 
D2S1338 20,25 21,23 23,26 
D19S433 13,16 14.2,16 12,13 
vWA 17 16,17 14,18 
TPOX 11 8 8,10 
D18S51 12,21 16 14,17 
AMEL X X.Y X,Y 
D5S818 11,12 10,12 12,13 
FGA 25 19,23 19,22.2 
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